Dinoflagellates and coccolithophores are two of the most important groups of phytoplankton 8 in the modern oceans. These groups originated in the Triassic and radiated through the early 9 Mesozoic, rising to ecological prominence. Within this long-term radiation, important short- 
relatively minor component of dinoflagellate cyst floras, to becoming one of the prominent 23 groups of cyst-forming dinoflagellates, which has persisted to the Holocene. In Europe, the 24 pattern of this radiation was strongly influenced by sea level, with the increase in 25 gonyaulacacean diversity reflecting a major second-order transgression. On a finer scale, the 
Introduction

48
Dinoflagellates and coccolithophores are two of the most important groups of primary 49 producers in the modern oceans, and as such they are a significant part of the base of ocean 50 food webs. Moreover, the downward flux of phytoplankton to the interior of the oceans forms 51 a significant component of the biological pump. Dinoflagellates and coccolithophores are part 52 of the polyphyletic 'red lineage' of phytoplankton, as they utilize chlorophyll c as a primary 53 accessory pigment (Falkowski et al., 2004a) .
Around half of all dinoflagellates are autotrophic or mixotrophic and, together with 95 the coccolithophores and diatoms, are responsible for a significant proportion of primary 96 production in the oceans of the world (Delwiche, 2007) . Heterotrophic dinoflagellates are an 97 important component of the microzooplankton (Calbet, 2008) . Around 13% of modern 98 dinoflagellate species produce a zygotic resting cyst (Head, 1996) . The wall of most 99 preservable dinoflagellate cysts is composed of the complex macrobiomolecule dinosporin 100 (Head, 1996; Bogus et al., 2014) . The fossil record of dinoflagellates is based on their 101 refractory resting cysts, adding a layer of complexity to the dinoflagellate fossil record with 102 respect to other phytoplankton groups, as the dinoflagellate motile stage is virtually never 103 preserved, as the theca is extremely labile (Evitt, 1985; Versteegh et al., 2004) . With only 104 around 13% of living motile species producing preservable cysts, the dinoflagellate cyst 105 fossil record is inherently incomplete, and it is not known whether this percentage has 106 changed through time (Head, 1996; Fensome et al., 1996; Riding and Lucas-Clark 2016) .
107
Some earlier workers cast doubt on the ability of a highly selective fossil record to 108 shed light on dinoflagellate evolution (Evitt, 1985) . However, some higher taxa are far better 109 represented than others in the record, notably the orders Gonyaulacales and Perdiniales 110 (Fensome et al., 1999; de Vernal and Marret, 2007) . Such groups have a much richer and 111 extensive fossil record than the overall selectivity of dinoflagellates as a whole would 112 suggest. Observations of patterns of occurrences in the fossil record (Fensome et al 1996) and (e.g. that Nannoceratopsis is part dinophysialean and part peridiniphycidean) and later 120 morphological innovations becoming restricted to lower taxonomic ranks (Piel and Evitt, 121 1980; Fensome et al, 1996) . The latest molecular data supports this general scenario, as 122 tentatively does biogeochemical data (Janouškovec et al. 2016 ).
123
The radiation of dinoflagellates through the early Mesozoic was characterised by the 124 appearance of the rising prominence of stem forms with a gonyaulacoid-peridinoid 125 tabulation, and ultimately by crown thecate clades, such as the Gonyaulacales and 126 Peridiniales (Fensome et al., 1996; Janouškovec et al., 2017) . The increase in dinoflagellate 127 5 cyst diversity through the Mesozoic was accompanied by a synchronous increase in the 128 abundance of dinosteranes in Mesozoic sedimentary rocks (Moldowan et al., 1996) .
129
Triaromatic dinosteranes are types of lipid biomarkers derived from dinosterols, and are 130 primarily associated with dinoflagellates (Moldowan and Talyzina, 1998 (Janouškovec et al., 2017) . Despite this, the concomitant increase in the abundance of 135 dinosteranes and increase in dinoflagellate cyst diversity through the Jurassic strongly 136 suggests that dinoflagellates rose to ecological prominence in the early Mesozoic. In 137 summary, the appearance of high-level taxa dinoflagellate taxa, which are supported by 138 molecular data as distinct clades, and progressive innovations at lower taxonomic ranks,
139
along with transitionary forms such as Nannoceratopsis and an increase in dinosterane 140 abundance, strongly suggest that dinoflagellates underwent a true evolutionary radiation 141 through the early Mesozoic (Fensome et al., 1996) . 
Coccolithophores
144
Coccolithophores are unicellular phytoplankton belonging to the division Haptophyta. (Brownlee and Taylor, 2004; Rost and Riebesell, 2004) .
152
In many species, coccolith morphology varies with the diploid-haploid life cycle.
153
During the diploid phase, cells produce heterococcoliths, formed from a structurally complex 154 arrangement of radial calcite crystals. In contrast, during the haploid phase, holococcoliths 155 are produced, which are characterised by simple calcite rhombohedra. The fossil record of 156 coccolithophores is primarily based on coccoliths, as coccospheres are rarely preserved 157 intact. Moreover, the record comprises primarily of heterococcoliths (de Vargas et al., 2007) .
158
Although fossil holococcoliths are known, the nature of the tiny calcite rhombohedra from 159 6 which they are constructed makes them extremely susceptible to dissolution. Hence, the 160 dearth of fossil holococcoliths reflects a substantial taphonomic bias.
161
Within the early Mesozoic coccolith record, heterococcoliths are represented by two 162 broad morphological groups, the muroliths and the placoliths (Bown, 1987; Bown et al., 163 2004). Muroliths represent the earliest coccoliths, and are characterised a simple structure 164 with calcite elements extending vertically (Bown, 1987; Gardin et al., 2012) . In the Early
165
Jurassic, placolith coccoliths appeared and radiated to become the dominant coccolith group.
166
The placolith structure is defined by two discs which lie on top of one another, and are 167 connected by a central pillar with radial calcite elements (Bown, 1987) .
168
Unlike the dinoflagellates, coccolithophores have left no appreciable pre-Cenozoic 169 biogeochemical marker record. Coccolithophores produce alkenones, which are widely used 170 in Quaternary palaeoceanography as temperature proxies. However, these substances are 171 inherently unstable and highly susceptible to diagenetic alteration, and consequently 172 alkenones are unknown from marine sediments older than Cretaceous (Knoll et al., 2007) .
173
Thus, the coccolith fossil record is the only tool for directly tracking coccolithophore 174 evolution intervals of deeper time. 
Emergence in the Middle-Late Triassic
179
The onset of the Mesozoic phytoplankton radiation in the fossil record is signalled by 180 the appearance in Australasia of the earliest unequivocal dinoflagellate cyst species,
181
Sahulidinium ottii in the Middle Triassic (Late Ladinian, ~235 Ma) (Riding et al., 2010a) .
182
Dinoflagellate cyst diversity increased through the Middle to Late Triassic with the 183 appearances of the families Rhaetogonyaulacaceae and Suessiaceae (Figure 1 ; Fensome et al., 184 1996) . The former represents the first appearance of the order Gonyaulacales, one the two 185 main orders represented by fossil dinoflagellate cysts (Fensome et al., 1999; Janouškovec et 186 al., 2017) . This later Triassic expansion of dinoflagellate cysts coincides with an increase in 187 the abundance of dinosteranes (Moldowan et al., 1996) , suggesting that dinoflagellates began 188 their rise to ecological prominence through this interval (Fensome et al., 1996) .
7
The earliest coccoliths appeared in the latest Norian (~209 Ma), with the oldest 190 identifiable species, Crucirhabdus minutus, appearing in the earliest Rhaetian (~207 Ma) of 191 the Austrian Alps (Gardin et al., 2012) . These early coccoliths are extremely small (2-3 μm),
192
and have a murolith structure (Bown, 1987; Bown and Young, 1998; Bown et al., 2004). 193 Crucirhabdus is known from the Rhaetian of Australia, indicating a global distribution for 194 coccoliths during the Late Triassic (Bralower et al., 1992; Gardin et al., 2012) . However, 195 diversity remained low during this interval, with a maximum of five species (Bown et al., 196 2004). Although there is no biomarker record of coccolithophores through the Early 
The End-Triassic Mass Extinction
216
The end-Triassic mass extinction (~201 Ma) significantly affected the diversity of 217 phytoplankton. Only four dinoflagellate cyst genera and one coccolith species survived this 218 major environmental perturbation (Bown et al., 2004; van de Schootbrugge et al., 2007 resulting in acidification of epicontinental seas and prolonged euxinia (Ruhl et al., 2011; 224 Schaller et al., 2011; Hönisch et al., 2012; Richoz et al., 2012) . As such, prolonged 225 anaerobic/euxinic conditions, and ocean acidification may have driven the decline in 226 dinoflagellate cyst and coccolith diversity (van de Schootbrugge et al., 2007; 2013) .
227
In many areas through Europe, the collapse in dinoflagellate cyst and coccolith Fensome et al., 1996; Bown et al., 2004 (Figure 1 ; Morgenroth, 1970; Feist-Burkhardt and Wille, 1992) . Another important first 259 appearance in the Late Pliensbachian was that of Nannoceratopsis, a genus confined to the
260
Jurassic and the only representative of the family Nannoceratopsiaceae. Nannoceratopsis has 261 a tabulation that is a combination of dinophysioid and gonyaulacoid-peridinoid, and as such 262 appears to be an evolutionary link between the Peridiniphycidae and the Dinophysiales. The 263 latter has virtually no fossil record (Janouškovec et al., 2017) .
264
The most significant radiation of the coccolithophorids during the Mesozoic occurred 265 in the Early Jurassic. During that interval, 10 of the known 16 coccolith families appeared.
266
The Hettangian to Sinemurian was characterised by the recovery and radiation of murolith Pliensbachian one of the most important intervals in coccolithophore evolution (de Kaenel 272 and Bergen, 1993; Bown and Cooper, 1998; Mattioli and Erba, 1999; Mattioli et al., 2013) .
273
The evolution of the placolith morphology was extremely important because it allowed 274 coccoliths to physically lock together to form a coccosphere for the first time. Prior to the 275 development of placoliths, elements in the muroliths were presumed to have been bound 276 together by organic material (Bown, 1987) . The initial development of placoliths occurred in 277 two steps. In the Early Pliensbachian, radiating placoliths first appeared; these have a simple 278 structure comprising proximal and distal shields (Bown, 1987) . In the Late Pliensbachian, 279 more complex imbricating coccoliths appeared, and this morphology dominated coccolith 280 floras for the remainder of the Jurassic (Bown, 1987; Mattioli and Erba, 1999; Mattioli et al., 281 2013).
282
The Pliensbachian was clearly an important interval in the evolution of the The coccolithophores recovered gradually from the T-OAE; the re-appearance of Dissiliodinium giganteum and Dissiliodinium psilatum (see Helby et al., 1987; Prauss, 1989; 403 Feist-Burkhardt, 1990; Wiggan et al., 2017) . During this interval, Dissiliodinium was also 
525
The Middle Jurassic was also marked by perturbations in the carbon cycle. In 526 particular, the Early Bajocian was marked by a positive δ 13 C shift, which has been reported 527 from central Italy (Bartolini et al., 1996 (Bartolini et al., , 1999 Bartolini and Cecca, 1999) , the Isle of Skye, 
588
The alternative scenario is an increase in surface water productivity driven by changes 
643
These authors noted that, in the Swabian Basin of southern Germany, the main influx of first 644 appearances was associated with a palaeoenvironmental trend to more distal, offshore 645 conditions. In turn, this palaeoenvironmental trend reflects the T7 second-order transgression.
646
We have compared the dinoflagellate cyst stratigraphical data from Europe to 647 sequence stratigraphical records. These data demonstrate a correlation between the increase 648 in dinoflagellate cyst diversity and sea level rise through the Bajocian (Figure 16 ). Moreover, 
676
The correlation between the increase in dinoflagellate cyst diversity and sea level rise 677 suggests that an increase in the area of epicontinental seas may have directly driven the 678 radiation of dinoflagellates, via an increase in available ecospace. Indeed, cyst-forming 679 dinoflagellates predominantly inhabit shallow seas as cyst formation is most viable in water 680 depth of <200 m (Fensome et al., 1996) . However, while the preceding Aalenian was a 681 largely regressive interval in Europe, sea level was relatively high globally (Hallam, 2001) , 682 yet gonyaulacaceans were low in diversity through the Aalenian (Feist-Burkhardt and Pross, Marine Revolution (Vermeij, 1977; 1987; 2008) . Although the concept of the Mesozoic
715
Marine Revolution was originally applied to the Cretaceous, it has since been realised that 716 many of the escalation-related adaptions appeared through the Late Triassic to Early Jurassic 717 (Harper et al., 1998; Vermeij, 2008) . Notably, during the Middle Jurassic, important (Sarjeant et al., 1987) .
735
Additionally, the presence of dinoflagellate cysts in zooplankton fecal pellets suggests that 736 their predation, although, little-considered, may be an important factor in dinoflagellate (1996) , the spindle plot data is after Fensome et al. (1996) and the 827 coccolith species richness is after Bown et al. (2004) . The range of giant suspension feeders is after Friedman et al. (2010) .
